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microscopeAbstract 1,3-Bis-(morpholin-4-yl-phenyl-methyl)-thiourea (MBT) was synthesized and their inﬂu-
ence on the inhibition of corrosion on mild steel in various hydrochloric acid concentrations has
been investigated by weight loss, potentiodynamic polarization, electrochemical impedance (EI),
Tafel polarization, scanning electron microscope (SEM) and FT-IR methods. The result of weight
loss study shows that the corrosion inhibition efﬁciency (IE) is directly proportional to the concen-
tration of the inhibitor and inversely proportional to the temperature. Electrochemical study proved
that the inhibitor acts as a mixed type inhibitor. SEM shows the formation of a protective ﬁlm of
the inhibitor on the mild steel. The IR data also provide evidence for the anticorrosion effect of the
inhibitor.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
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Mild steel is one of the most widely used materials in industries.
However, during the processes such as acid cleaning, pickling,
etc., mild steel corrodes easily implying that the use of an inhib-
itor is necessary to protect it from corrosion (Ebenso, 2003). Itis well documented that the development of new corrosion
inhibitors of non-toxic type, which do not contain heavy metals
and organic phosphates, is very important (Ferreira et al.,
2004). Inorganic compounds such as chromate, dichromate,
nitrite and nitrate are widely used as corrosion inhibitors in sev-
eral media and for different metals and alloys (Fontana, 1986;
Abboud et al., 2009). On the other hand, the biotoxicity of
these products, especially chromate is well documented
(Sinko, 2001), as well as their non-environmental friendly char-
acteristics (Manahan, 1994), which limit their applications so
that the requirement of the alternative corrosion inhibitors
increases. The compounds containing N, O and S have been
reported as inhibitors which reduce the rate of the dissolution
of the metals (Krim et al., 2008; Quraishi and Shukla, 2009).
In this manner the Mannich base acts as a corrosion inhibitor
due to the presence of the hetero atoms (Etre et al., 2005a,b;
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is a three component condensation reaction in which an active
H atom (substrate) is allowed to react with an aldehyde or
ketone and primary or secondary amine, concomitant release
of water to produce a new base known as a Mannich base
(Tamil Vendan et al., 2009; Rajeswari et al., 2009; Maurilio
and Luigi, 1994). The synthetic utility of Mannich reaction is
evident from its application in the synthesis of many natural
products and biologically important compounds (Dhanapal
Tamilvendan et al., 2010; Heaney et al., 1991; Overman et al.,
1991; Arend and Westerman, 1998), such as antitubercular,
antimalarial, vasorelaxing, anticancer, and analgesic drugs
(Franklin et al., 2011).
The adsorption of the inhibitors on the metal surface
decreases the corrosion rate. The most efﬁcient inhibitors are
compounds containing p bonds. The adsorption of these com-
pounds is inﬂuenced by the electronic structures of inhibiting
molecules, steric factor, aromaticity, electron density at the
donor site, molecular area and molecular weight of the inhib-
itor. Compounds having functional groups such as –CHO, –
CO, –N‚N and R–OH also act as good anticorrosive inhibi-
tors (Yan et al., 2008). In the present study the inhibition
potential of the Mannich base of 1,3-bis-(morpholin-4-yl-phe-
nyl-methyl)-thiourea (MBT) in the various concentrations of
hydrochloric acid have been investigated.
2. Experimental
2.1. Synthesis of Mannich base
MBT was synthesized by employing the Mannich synthetic
route. To the aqueous solution of thiourea (7.6 g, 0.1 mol),
benzaldehyde (20 mL, 0.2 mol) was added, followed by mor-
pholine (17.4 g, 0.2 mol) with constant stirring at 5 C. The
mixture was kept at 5 C for about 2 h. The solid began to sep-
arate after 3 h. After 10 days, the hard cake obtained was
washed with distilled water several times and ﬁnally with a
small amount of acetone, dried in air and then kept at 60 C
in an air oven. The compound was recrystallized from metha-
nol. The yield of the compound was found to be 90%. The
compound is a creamy white solid and decomposes at 173 .
It is insoluble in water, partially soluble in carbon tetra chlo-
ride, methanol, benzene, n-hexane, 1,4-dioxane and acetoni-
trile. It is soluble in chloroform, acetone, 1-propanol, 1-
butanol, ether, dimethylsulfoxide and dimethylformamide
(Manjula, 2009).
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O2.2. Specimen preparationMild steel plates were used in this study, having a composition
of Mn: 0.01%, Cu: 0.01%, Si: 0.02%, P: 0.02%, C: 0.18 %,
and Fe: 99.75%. The specimens of dimension 4 cm · 1.5 cm ·
0.15 cm are used. The specimens were polished using 1/0, 2/0,
3/0 and 4/0 grade emery papers and ﬁnally degreased with ace-
tone and immediately used for experiments. The same kind of
specimen was used for the SEM analysis.
2.3. Corrosion monitoring techniques
2.3.1. Weight loss method
The 5%, 10% and 15% hydrochloric acid are prepared by
using distilled water in 100 mL standard ﬂasks. Weight loss
measurements were carried out by weighing the specimens
before and after immersion in 100 mL acid solution for 30
and 60 min in the absence and presence of inhibitors at various
inhibitor concentrations. From the initial and ﬁnal mass of the
specimen, the weight loss was calculated. From this weight loss
value, inhibition efﬁciency (IE) and corrosion rate were
determined.
IE has been determined by the following relationship
(Parameswari et al., 2010):
Inhibition Efficiency ð%Þ ¼ ½ðWb WiÞ=Wb  100 ð1Þ
where Wb and Wi are the weight loss without and with
inhibitor.
The corrosion rate has been determined by the relationship
(Ambrish et al., 2010):
Corrosion rate ðmmpyÞ ¼ ð87:6WÞ=ðA TDÞ ð2Þ
where W is the weight loss in mg; A is the area in cm2; T is the
time of immersion in hours and D is the density in g cm3.
2.3.2. Electrochemical studies
2.3.2.1. Electrode surface preparation. Mild steel specimen of
an exposed area of 1 cm2 was prepared by embedding the tef-
lon coating. This teﬂon coated mild steel was polished with 1/
0, 2/0, 3/0 and 4/0 grade emery papers and degreased with dou-
ble distilled water and acetone before usage.
2.3.2.2. Electrode cell assembly. A conventional three electrode
system was used for this purpose. Mild steel specimen of an
exposed area of 1 cm2 was used as a working electrode. Pt
and saturated calomel electrode (SCE) were used as auxiliary
and reference electrodes, respectively.
2.3.2.3. Procedure. Electrochemical Impedance (EI) and Tafel
polarization were conducted in an electrochemical measure-
ment unit CH electrochemical analyzer model 604B. The EI
measurements were made at a corrosion potential over a fre-
quency range of 0.1–10,000 Hz with signal amplitude of
0.01 V. The Tafel polarization measurements were made after
EI for a potential range of 0.15 to 0.85 V with respect to
open circuit potential, at a scan rate of 1 mV s1. The Icorr,
Ecorr, Rct and Cdl values were obtained from the data using
the corresponding ‘‘Corr view’’ and ‘‘Z view’’ softwares.
The IE from potentiodynamic polarization was calculated
from the value of Icorr by using the following formula
(Parameswari et al., 2010):
Study on the inhibition of mild steel corrosion 837Inhibition Efficiencyð%Þ ¼ ½ðIcorrðblankÞ
 IcorrðinhÞÞ=IcorrðblankÞ100 ð3Þ
The IE from the impedance measurements was calculated
using the formula (Parameswari et al., 2010):
Inhibition Efficiency ð%Þ ¼ ½ðRctðinhÞ
 RctðblankÞÞ=RctðinhÞ  100 ð4Þ
where Rct(inh) is the charge transfer resistance in the presence
of inhibitor and Rct(blank) is the charge transfer resistance in
the absence of inhibitor.
The potential of the double layer capacitance is calculated
from Nyquist plot by the following equation (Bothi-Raja
and Sethuraman, 2009):
Cdi
1
2pfmaxRct
ð5Þ
where fmax is the frequency at which the imaginary component
of the impedance (Zmax) is maximal.
2.4. SEM analysis
The topography of the mild steel in hydrochloric acid solution
(15%) in the presence and absence of the inhibitor is evidenced
by SEM analysis. The plates were washed with acetone, dried
and then used for SEM analysis.
3. Results and discussion
3.1. Weight loss method
3.1.1. Variation of IE in various hydrochloric acid
concentrations at 30 min
Tables 1.1–1.3 and Fig. 1 represent the IE of the inhibitor as a
function of different hydrochloric acid concentrations and dif-
ferent inhibitor concentrations at constant time. These experi-
mental values prove that as the concentration of acid increases
the corrosion inducing property of the acid solution increases
resulting in the decrease of IE of the inhibitor. In this study,
immersion time of the mild steel in acid solution was 30 min,Table 1.1 Variation of IE in 5% HCl with 30 min.
Conc. of inhibitor (ppm) Weight loss (mg)
00 0.0045
05 0.0014
10 0.0012
15 0.0004
20 0.0003
Table 1.2 Variation of IE in 10% HCl with 30 min.
Conc. of inhibitor (ppm) Weight loss (mg)
00 0.0052
05 0.0028
10 0.0023
15 0.0020
20 0.0013concentration of the inhibitor from 5 to 20 ppm with acid con-
centrations of 5%, 10% and 15%. The inhibitor shows highest
IE in 5% hydrochloric acid. This is due to the very low aggres-
siveness of the acid medium. It is obvious from Tables 1.1–
1.3.and Fig. 1 the increase in acid concentration decreases
the percentage of inhibition.
3.1.2. Variation of IE in various hydrochloric acid
concentrations at 60 min
In this study, immersion time of the mild steel in acid solution
was 60 min and concentration of the inhibitor was taken from
5 to 20 ppm with acid concentration of 5%, 10% and 15%.
The inhibitor shows highest IE in 5% hydrochloric acid.
Increase in acid concentration decreases the IE as evidenced
from Fig. 2 and Tables 2.1–2.3.
3.1.3. Effect of temperature
In this the IE of the inhibitor was calculated as a function of
temperature with constant concentration of the acid and inhib-
itor (MBT). Fig. 3 and Tables 3.1–3.3 show that when temper-
ature increases IE decreases. This positively indicates that the
mechanism of adsorption of the inhibitor may be due to phys-
isorption. The physisorption is due to weak Vander Waal’s
forces, which disappears at elevated temperatures.
3.2. Electrochemical studies
The corrosion behavior of the mild steel in the acidic solution
in the absence and presence of MBT is also investigated by the
EI method for 60 min immersion of mild steel in 10% and 15%
hydrochloric acid. The Nyquist plot of MBT on mild steel
(Figs. 4 and 5; Tables 4.1 and 5.1) contains a depressed
semi-circle with the centre under the real axis, whose size
increases with the inhibitor indicating a charge transfer process
mainly controlling the corrosion of mild steel. Such a behavior,
characteristic for solid electrodes and often referred to as fre-
quency dispersion has been attributed to roughness and other
in homogeneities of solid surface. It is apparent from these
plots that the impedance response of mild steel in uninhibited
acid solution has signiﬁcantly increased after the addition ofCorrosion rate (mmpy) IE (%)
0.0167 –
0.0052 68.86
0.0044 73.65
0.0015 91.01
0.0011 93.41
Corrosion rate (mmpy) IE (%)
0.0193 –
0.0104 46.11
0.0085 55.95
0.0074 61.65
0.0048 75.12
Table 1.3 Variation of IE in 15% HCl with 30.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
Blank 0.0097 0.0361 –
05 0.0061 0.0227 37.12
10 0.0046 0.0171 52.63
15 0.0038 0.0141 60.94
20 0.0031 0.0115 68.14
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Figure 1 Variation of IE with various HCl concentrations at 30 min.
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Figure 2 Variation of IE with various HCl concentrations at 60 min.
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Table 2.1 Variation of IE in 5% HCl with 60 min.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0062 0.0115 –
05 0.0038 0.0071 38.26
10 0.0025 0.0046 59.99
15 0.0009 0.0016 86.08
20 0.0012 0.0022 80.86
Table 2.2 Variation of IE in 10% HCl with 60 min.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0048 0.0089 –
05 0.0029 0.0053 40.44
10 0.0018 0.0033 62.92
15 0.0015 0.0028 68.53
20 0.0011 0.0020 77.52
Table 2.3 Variation of IE in 15% HCl with 60 min.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0033 0.0061 –
05 0.0028 0.0052 14.75
10 0.0014 0.0026 57.37
15 0.0011 0.0021 65.57
20 0.0006 0.0011 75.12
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ited substrate has increased with increasing concentration of
the inhibitor. The values of charge transfer resistance (Rct)
and electrical double layer capacitance (Cdl) are obtained from
Nyquist plot. The Rct values increase with increasing concen-
tration of the inhibitor. On the other hand, the value of Cdl
decreased with an increase in the inhibitor concentration.4 6 8 10 1
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Figure 3 Variation of IE in15%The progressive covering of mild steel surface by MBT, leads
to an increase in the IE (Etre et al., 2005a,b).
3.3. Polarization studies
The inhibition process of MBT on corrosion of mild steel in
10% hydrochloric acid was analyzed by polarization experi-2 14 16 18 20 22
C
B
A
centraton (ppm)
HCl at various temperatures.
Table 3.1 Variation of IE in 15% HCl with 60 min at 303 K.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0092 0.0171 –
05 0.0071 0.0132 22.81
10 0.0042 0.0078 54.38
15 0.0039 0.0073 57.30
20 0.0028 0.0052 69.59
Table 3.2 Variation of IE in 15% HCl with 60 min at 333 K.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0124 0.0231 –
05 0.0082 0.0153 33.76
10 0.0067 0.0125 45.88
15 0.0051 0.0095 58.87
20 0.0044 0.0082 64.51
Table 3.3 Variation of IE in 15% HCl with 60 min at 353 K.
Conc. of inhibitor (ppm) Weight loss (mg) Corrosion rate (mmpy) IE (%)
00 0.0364 0.0677 –
05 0.0291 0.0541 20.08
10 0.0226 0.0420 37.96
15 0.0182 0.0338 50.07
20 0.0169 0.0314 53.61
Figure 4 Nyquist plot of MBT on mild steel in 10% HCl solution.
840 D. Karthik et al.ments. Fig. 6 shows the Tafel anodic and cathodic polarization
plots for the inhibitor MBT. Table 6.1 gives the values of elec-trochemical corrosion parameters. It clearly indicates that the
addition of inhibitor decreases the corrosion current density.
Figure 5 Nyquist plot of MBT on mild steel in 15% HCl solution.
Table 4.1 Data observed from the Nyquist plot of MBT on mild steel in 10% HCl solution.
Conc. of inhibitor (ppm) Rct (X cm
2) Cdl (F cm
2) IE (%) fmax
00 19.24 0.000548 15.08
5 95.21 0.000051 79.76 32.91
10 126.87 0.000028 84.31 44.08
15 168.73 0.000015 88.59 60.97
20 219.48 0.000009 91.23 79.97
Table 5.1 Data observed from the Nyquist plot of MBT on mild steel in 15% HCl solution.
Conc. of inhibitor (ppm) Rct (X
2) Cdl (F cm
2) IE (%) fmax
00 14.02 0.002957 – 3.84
5 50.18 0.000167 72.06 18.94
10 82.81 0.000006 83.06 29.63
15 110.24 0.000032 87.28 44.42
20 116.02 0.000028 87.91 47.84
Study on the inhibition of mild steel corrosion 841The Ecorr value is shifted in the noble direction. Further, both
the Tafel slopes ba and bc are decreased. But the anodic Tafel
slope ba is decreased signiﬁcantly showing that the inhibitor,
being predominantly anodic, behaves as a mixed type
inhibitor.
3.4. SEM analysis
SEM micrographs of the surface of the mild steel specimens
were taken in order to see the changes that occur during the
corrosion of mild steel in the presence and absence of the
inhibitor. Fig. 7 shows that the mild steel specimen immersed
in 15% hydrochloric acid for 2 h is highly damaged, it can
be concluded that the mild steel surface is highly corroded inaggressive acid media. This type of corrosion is typical in
aggressive acid solutions. Fig. 8 shows a smooth surface with
deposited inhibitor on the surface of mild steel after the addi-
tion of 20 ppm of inhibitor to the 15% hydrochloric acid. It is
clearly seen from SEM images that the irregularities on the
surface due to corrosion is decreased to a greater extent in
the inhibited surface and the surface is now almost free from
corrosion. It reveals that a good protective adsorbed ﬁlm is
formed on the specimen.
3.5. FT-IR
The FT-IR spectra were recorded for pure ligand MBT and
solid product formed on the mild steel surface. Fig. 9 shows
Figure 6 Potentiodynamic polarization curve for mild steel in 10% HCl in the absence and presence of selected concentrations of the
inhibitor.
Table 6.1 Potentiodynamic polarization data for mild steel in 10% HCl in the absence and presence of selected concentrations of the
inhibitor.
Conc. of inhibitor (ppm) Icorr (lA cm
2) Ecorr (mVvsSCE) bc (mV/decade) ba (mV/decade) IE (%)
00 565.08 477 4.03 5.76 –
05 93.31 554 6.949 6.063 83.48
10 88.83 549 6.883 6.096 84.28
15 44.25 540 7.828 5.476 92.16
20 30.86 492 5.55 5.558 94.53
Figure 7 SEM image of immersed specimens without the
inhibitor (MBT).
Figure 8 SEM image of immersed specimens with the inhibitor
(MBT).
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Figure 10 FT-IR adsorption spectra of solid product formed on the mild steel surface.
Table 7.1 FT-IR data analysis for the pure MBT Inhibitor and solid product formed on the mild steel.
Functional group Before corrosion frequency (cm1) After corrosion frequency (cm1)
NH 3251 3410
CH 2929 2927
C‚S 1710 1708
C–N–C 1342 1369
C–O–C 1117 1113
Mono substituted benzene ring 692 673
Figure 9 FT-IR adsorption spectra of the pure inhibitor (MBT).
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844 D. Karthik et al.all the characteristic bands corresponding to the functional
groups present in MBT and Fig. 10 shows the band positions
of solid product formed on the mild steel surface.
The structurally important IR absorption frequencies of
MBT and solid product formed on the mild steel surface have
been compared in Table 7.1. The free ligand exhibits character-
istic bands at 3251 cm1 due to mNH vibration. The bands at
1342 cm1 are due to mC–N–C and at 1199 and 1073 cm1
are due to thiourea and morpholine mC–N–C vibrations. The
mC‚S and mC–S stretching modes are observed at 1710 and
731 cm1. These data indicate there was no considerable
change in the stretching frequencies for the pure inhibitor
(MBT) and solid product formed on the mild steel surface. It
shows that there is no coordination bond between the inhibitor
and metal surface (Fe2+ or Fe3+). The inhibitor possibly was
adsorbed on mild steel by physisorption mechanism.
4. Conclusion
The weight loss method shows that IE of the inhibitor (MBT)
is directly proportional to the inhibitor concentration and is
inversely proportional to the temperature. Impedance studies
showed that the inhibitor inhibits through adsorption mecha-
nism. Polarization studies show that the inhibitor, being pre-
dominantly anodic, behaves as a mixed type inhibitor. As
the temperature increases the IE of the inhibitor decreases indi-
cating it may be due to physisorption of the inhibitor (Abiola
and James, 2010). The inhibition efﬁciencies determined by
EIS, potentiodynamic polarization and weight loss studies
are in good agreement. Also, in FT-IR analysis there was no
considerable decrease in the stretching frequencies for the pure
inhibitor (MBT) and solid formed on the mild steel surface
indicating that the inhibitor was adsorbed on mild steel con-
ﬁrming the physisorption mechanism. This was further con-
ﬁrmed by SEM, which exhibits the formation of a protective
ﬁlm on the mild steel surface.
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